Energetic electrons whose maximum energy exceeded 25 MeV were generated using a 2 TW 50 fs laser pulse and a plasma with an electron density of n e & 2 Â 10 20 cm À3 . Although we observed first-Stokes satellite peaks in the forward-scattering light spectra, the electron energy was higher than that predicted by self-modulated laser wakefield acceleration (SMLWFA). The density dependence of the effective temperature of the electron beam disagrees with that predicted by direct laser acceleration (DLA). Experimental results suggest that the electrons were accelerated by a cascade of SMLWFA and DLA.
Introduction
Particle accelerators are useful tools in various fields such as particle physics, materials science, medical diagnostics and treatment, and manufacturing industry. However, the further expansion of the utilization of accelerators is difficult, because accelerator facilities require large areas and huge financial resources. A laser-driven particle accelerator would provide the most promising approach to realizing high-performance compact accelerators. 1) A longitudinal electrostatic wave (i.e., wakefield) excited by a laser pulse in a plasma provides an acceleration field on the order of 100 GV/m.
2)
The product of the laser pulse duration L at a full-width at half-maximum (FWHM) and the plasma frequency ! p of ð4e 2 n e =mÞ 1=2 characterizes the excitation mechanism of the wakefield, 3) where e, m and n e denote the electron charge, mass and density, respectively. In the case of a long laser pulse (! p L > ), a pulse self-modulated with a plasma period effectively excites the wakefield. This regime is called the self-modulated laser wakefield acceleration (SMLWFA) regime. 4) In the high-electron-density region of n e & 0:1n c , a laser pulse hardly matches the forward-Raman-scattering condition, such that it cannot excite the wake efficiently. Direct laser acceleration (DLA) is considered to be a dominant electron acceleration mechanism in a high-density region. When the laser power exceeds the critical power of relativistic self-focusing P c ðGWÞ ' 17ðn c =n e Þ, 5) where n c ¼ m! 2 0 =4e 2 is the cutoff density and ! 0 is the laser frequency, a plasma channel is generated by the ponderomotive potential, which is enhanced by the relativistic self-focusing of the laser pulse. When the plasma density is high, the resonance between a quivering oscillation with a laser frequency and a transverse oscillation with a betatron frequency in the plasma channel may lead to the realization of an inverse free-electron laser (IFEL), which is a type of DLA.
6) The stochastic phase and power disturbance of the driving laser field may also lead to the realization of another type of DLA. 7, 8) Using short laser pulses of 35 fs to 200 fs, several groups have performed experiments on SMLWFA 9) and the DLA 10, 11) in the density range from 10 18 to 4 Â 10 20 cm
À3
(! p L > 2) and observed high-energy electron beams. The acceleration mechanism for the 35 fs pulse was interpreted to be predominantly due to SMLWFA, although DLA was not excluded. 9) The experimental results for the laser pulse longer than 100 fs were interpreted to be due to DLA. 8, 10, 11) Although the generation of a quasi-monoenergetic electron beam was reported in laser driven wakefield acceleration (LWFA) experiments, [12] [13] [14] [15] [16] the charge of the electron bunch was approximately 5 fC (2:7 Â 10 4 electrons/shot) 12) at a laser power of 2 TW. Although the beam has a continuous energy spectrum, an ultrashort electron bunch with a high electrical charge of approximately 10 pC is considered to be useful for pulse radiolysis because, by using such a bunch, it is easy to synchronize an electron pulse and a probe laser pulse. In this paper, we report on our experiment using a 2 TW, 50 fs laser pulse that generated electrons with an energy greater than 25 MeV from plasma with an electron density
. From the experimental results, electrons are considered to be accelerated to a high energy by cascade acceleration by a laser wakefield and a direct laser field under our experimental conditions.
Experimental
The experiment was performed with a Ti:sapphire laser system at AIST.
12) The system delivered a 2 TW 50 fs laser pulse at a wavelength of 800 nm. The laser pulse was transported in vacuum and focused with an F/3.3 off-axis parabolic mirror to a spot approximately 5 mm in diameter (FWHM), which contained 50% laser energy. The intensity of the laser pulse was 5 Â 10 18 W/cm 2 , which corresponded to a normalized vector potential a 0 of 1.5. The pulse was focused to an edge of a supersonic gas jet of nitrogen as shown in Fig. 1 . Two types of supersonic conical nozzle with Mach numbers of M ¼ 4:2 and 3.1 were used. The neutral density profile of the gas jet was characterized by interferometric measurement. The density was varied in the range of 8 Â 10 18 {8 Â 10 19 cm À3 by changing the reservoir pressure of the solenoid valve (General Valve: Series 9). The barrier-suppression ionization (BSI) model 17) gives the ionization state at a laser intensity of 5 Â 10 18 W/cm 2 as N 5þ , so the electron density was in the range of 4 Â 10 19 { 4 Â 10 20 cm À3 . The electron energy spectrum was measured with an energy spectrometer (ESM) on the optical axis of the laser. Electrons were collimated by the slit at the entrance of the ESM and energetically dispersed by a rectangular dipole magnetic field of 0.2 T, which covered the range of 0.2 -25 MeV. The energy spectrum was recorded using an imaging plate (IP, Fuji Photo Film: BAS-SR), which was calibrated to give absolute electron numbers. 18, 19) The spectra of the forward scattering light of laser pulse were measured outside the vacuum chamber through viewing holes of the ESM. A spectrometer and a Si-photodiode array detector covered a wavelength range from 650 to 1100 nm. To avoid the saturation of the Si detector at a laser wavelength of approximately 800 nm, a laser mirror was placed in front of the spectrometer. To eliminate the secondorder diffraction of short wavelength scattering light, we used a color glass filter which cut wavelengths shorter than 670 nm. Satellite peaks in the forward-scattering spectra of the laser pulse were used to estimate the amplitude and frequency of a plasma wave.
In addition, the side scattering of a laser light image was observed from a direction normal to the polarization vector of an incident laser. A narrow-band interference filter at a wavelength of 800 nm, neutral density (ND) filters and a polarizing filter were used to cut self-emission (recombination emissions) from the plasma and to analyze polarization. A conventional charged coupling device (CCD) camera was used to record a side-scattering light image. The sidescattering image was expected to give information on the length of self-channeling and the plasma-wave-excited region. 20, 21) 
Results
Figure 2(a) shows the density dependence of the energy spectra of electron beams using supersonic gas jets with M ¼ 3:1. The maximum electron energy attains the detection limit of the ESM (25 MeV) greater than 1:5 Â 10 20 cm À3 , which is higher than that predicted using the LWFA model.
The energy spectra can be approximated by two-temperature Maxwellian distributions: the cold and hot components denoted T Fig. 2(b) ; their respective density dependences are indicated by the dark and light dashed thick lines, respectively. Triangles and circles denote the data points of gas jets with M ¼ 3:1 and 4.2, respectively. Because of the limit of the reservoir pressure of our gas jet system, effective temperatures was not measured using the gas jet with M ¼ 4:2 at a density above 2 Â 10 20 cm À3 . Both the cold and hot components markedly increase as density increases from 800 nm laser pulse is focused on the edge of the gas jet by the F/3.3 off-axis parabolic mirror. The energy spectrum of the generated electron beam is measured using ESM and IP. The generated plasma was diagnosed using optical diagnostics: the forward scattering light spectrum and the side-scattering light image. The forward scattering light spectrum transmitted through a high-reflecting mirror (800 nm) is measured through a red glass filter (VR-67). The side-scattering light image is observed through an interference filter of 800 nm. . First-Stokes satellite peaks were observed in the forwardscattering spectra. The electron density dependence of the wavelength of first-Stokes satellite peaks is shown in Fig. 3 . The circles and bars in the gray scale denote the wavelength widths and intensities of the peaks, respectively. The solid curve indicates the predicted Stokes wavelength for the relativistic plasma frequency corresponding to the electron density of the center of the jet.
When n e is less than 1:5 Â 10 20 cm À3 , the observed wavelength of the first-Stokes satellite peaks agrees with the prediction. On the other hand, the observed wavelength variation of the centers of the satellite peaks was within 10% at n e > 2 Â 10 20 cm À3 , although the maximum plasma densities were changed two times. This suggests that the wakefield grew in a low-density region of the gas jet, i.e., the edge region.
A strong side-scattering region with a ''fish-bone'' structure 10, 12) was observed in the side-scattering images. The intensity of the side-scattering light is so strong that it is detectable by a CCD camera with ND filters. The polarization and wavelength of scattering light conserved those of the laser pulse. This suggests that the strong side scattering is due to coherent scattering by density modulations in the plasma channel. The lengths of the strong-side-scattering region extended to approximately 500 mm as electron density increased to 2 Â 10 20 cm À3 and were almost independent of electron density in the range of 2 Â 10 20 < n e < 4 Â 10 20 cm À3 .
Discussion
The Stokes peaks observed in the forward-scattering light spectra clearly show that the large amplitude self-modulated wakefield is excited in an approximately fixed density region. Although the SMLWFA predicts that maximum electron energy decreases from 30 to 10 MeV when electron density increases from 1:5 Â 10 20 to 4 Â 10 20 cm À3 , the observed maximum electron energy exceeds the predicted energy in the range more than 1:5 Â 10 20 cm À3 , as shown in Fig. 2(a) . This suggests that an additional energy gain is provided by another acceleration mechanism, which is coexistent or cascading with the SMLWFA. Because the difference in phase velocity between laser light and forwardRaman-scattered light is large in high-density plasma, it is difficult to excite a large-amplitude plasma wave by Raman scattering instability. We, therefore, considered that the possible mechanism for increasing maximum electron energy at densities greater than 1:5 Â 10 20 cm À3 (n e > 0:1n c ) is not the enhancement effect of the SMLWFA 22) owing to a radial electrostatic field of the plasma wave excited by relativistic laser intensity but DLA.
The DLA scheme proposed by Pukhov et al. 6) suggests that electrons are effectively accelerated by the resonance of the oscillating laser field and the radial oscillation of electrons, which is similar to the IFEL. This efficiently occurs in a plasma channel produced by relativistic selffocusing. When the laser power is higher than $6P c the laser pulse is stably guided in a channel. For our laser power, this condition requires n e & 0:7 Â 10 20 cm À3 , which was satisfied in our experiments.
We consider the possibility of DLA for additional acceleration by comparing the density dependence of maximum electron energy. Since it was difficult to define maximum energy gain from experimental data, we evaluated the acceleration induced by effective temperature. Although Kando et al. 3) suggested that the two-temperature energy spectra were due to the two different wave-breaking processes in LWFA, our maximum electron energy could not be explained by their model. We consider that T cold eff (low-energy electrons) is due to SMLWFA and T hot eff (highenergy electrons with a maximum energy of 30 MeV) is due to DLA.
If DLA is the dominant acceleration mechanism, the hot effective temperature T hot eff is proportional to the length of the plasma channel. 6, 10) We experimentally estimated plasma channel length from the strong side-scattering region in the side-scattering light image. A similar structure was observed in some institutes, it correlated with the concept of channeling of the self-focused laser 20) and wakefields. 21) Although acceleration length was independent of electron density in our experiment, cold and hot effective temperatures decreased as electron density increased at electron densities greater than 2 Â 10 20 cm À3 . These results imply that the decrease in T hot eff is due to the decrease in the temperature T cold eff of the injected beam of the DLA, which was preaccelerated by the SMLWFA; that is, this means that electrons obtain energy not only by DLA but also by SMLWFA. This suggest that the cascade acceleration of electrons by SMLWFA and DLA (SM-DLA cascade acceleration).
Results of the two-dimensional (2D) PIC simulation are shown in Fig. 2(b) . The electron density dependences of the electron energy spectra at n e ¼ 10 20 cm À3 after propagating 1z R , 2z R , and 3z R , where z R $ 50 mm is the Rayleigh length, are shown in the inset. The maximum energy was $20 MeV, which saturated at 2z R and it did not increase even when the acceleration length was increased to 3z R . Similar features for temperature were also reproduced by the 2D-PIC simulation, as shown by squares and thin dotted lines in Fig. 2(b) . The hot effective temperature in the simulation was an increasing function of electron density in the low-density region (. 2 Â 10 20 cm À3 ) but a decreasing function in the highdensity region (& 2 Â 10 20 cm À3 ). However, the simulated hot effective temperature peaks at a much lower density than that used in the experiments. This discrepancy would be due to two differences in laser pulse propagation between the 2D-PIC simulation and experiments. The first one is the degree of erosion of the laser pulse during propagation in plasma. The 2D-PIC simulation underestimates the degree of erosion due to three-dimensional near-forward Raman side scattering 23) and ionization-induced refraction (IIR). 24) The decrease in erosion rate effectively increases effective temperature. This is the reason the 2D-PIC simulation provides a higher-temperature electron beam in the lowdensity region than that observed in our experiment. The second is the stability of laser pulse propagation in plasma. Although stable propagation in the channel was not observed in the high-density region in the 2D-PIC simulation, it was predicted in the previous 3D-PIC simulation 25) and observed in the experiments, 26) as well. The decrease in the stability of laser pulse propagation decreases the length of self-channeling and effective temperature in the high-density region. It is reasonable to think that a laser pulse was stably propagated in a channel by at least 500 mm in our experiments by taking into account the electron density dependence of the length of the strong-side-scattering region.
The shift in the wavelength of the forward-scattered light from the laser wavelength corresponds to electron density where the plasma wave is excited. Figure 3 indicates SMLWFA occurs in the low-density region . 1:5 Â 10 20 cm À3 of plasma. SMLWFA occurs in the low-density edge region of plasma when the electron density of the central region is more than 2 Â 10 20 cm À3 , considering the density profile of the gas jet. Considering the gas jet density profile, the laser intensity a 0 is estimated to decrease from 1.5 to 0.3 by IIR 24) when the density of the central region is 2 Â 10 20 cm À3 . Supposing a decreased laser intensity of 0.3, maximum electron energy is estimated to be approximately 10 MeV by SMLWFA. Therefore, DLA must provide an additional energy gain to electrons even if electrons are accelerated by a wakefield excited in the low-density region. Cascade acceleration is required to explain the observed maximum electron energy.
Finally, we consider the conditions for increasing the charge of energetic electrons in cascade acceleration. Comparing the results of the experiment and 2D-PIC simulation, IIR and channel formation are important processes for obtaining a high-charge electron beam by this acceleration scheme. As shown in Fig. 2(b) , the higher Mach number jet (M ¼ 4:2) provides a lower saturation density of the effective temperature than that for the jet with M ¼ 3:1. This result is translated as follows. A higher Mach number jet provides a higher laser intensity after IIR. A higher laser intensity provides a higher growth rate for Raman instability. This provides the rapid saturation of temperature. A highdensity plasma is required to generate superchannels, as discussed above. These conditions satisfied at n e & 10 20 cm À3 . To obtain a high current beam, a suppression of IIR is required. IIR is reduced by low-atomic-number gas. The use of hydrogen or helium gas may provide a high-current electron beam.
The ultrashort electron bunch produced by cascade acceleration in high-density plasma might be useful for pulse radiolysis.
Conclusions
In conclusion, we observed electrons with an energy of more than 25 MeV in the range of n e & 2 Â 10 20 cm À3 , which is the experimental evidence of SMLWFA: the firstStokes satellite peak in the forward-scattering light spectra. The electron energy is higher than that predicted by SMLWFA. Considering that the length of the plasmawave-excited region is independent of electron density, the decrease in hot effective temperature observed in the region n e & 2 Â 10 20 cm À3 disagrees with the prediction by DLA. It is concluded that energetic electrons are accelerated by the cascade of SMLWFA and DLA in the high-electron-density region of more than 2 Â 10 20 cm À3 . Cascade acceleration may be achieved in plasma automatically.
